The goal of this work was to investigate the spectroscopic properties of Pr 3+ ions, embedded in two different tellurite glass matrices, TeO 2 -WO 3 -PbO-La 2 O 3 and TeO 2 -WO 3 -PbO-Lu 2 O 3 . The absorption and fluorescence spectra have been recorded and analyzed in terms of the Judd-Ofelt theory along with the luminescence decay of the 3 P 0 and 1 D 2 levels of the Pr 3+ ion. The spectroscopic studies were completed with ellipsometric measurements providing the dispersion relation of the refractive index of the investigated glasses.
Introduction
Tellurite glasses are currently the subject of intense research because of their interesting physical properties, such as extended infrared transmittance [1] , high nonlinear optical indices and low melting point [2] . The main component of tellurite glasses -tellurium oxide (TeO 2 ) - * E-mail: manuelar@agh.edu.pl is called a conditional glass former since it cannot form a glass itself. However, a number of heavy metal and rare earth oxides are known to dissolve in the TeO 2 liquid and to create a metastable liquid that, upon quenching, yields a stable glass composition [3] . TeO 2 -based glasses are characterized by maximal phonon frequencies that are lower than those of many common oxide glasses, such as silicates, phosphates and germanates [4] . Due to addition of optically inactive rare earth oxides, i.e. La 2 O 3 or Lu 2 O 3 , tellurite glasses exhibit other favorable properties, including good mechanical strength and chemical dura-bility [5] . These properties make tellurite glasses good candidates for the development of optical devices, especially as amplifiers for optical communication [6, 7] .
Tellurite glasses are excellent hosts for active element doping with rare earth (RE) ions, justifying a continuous technological interest [8] . Among trivalent RE ions, the luminescence features of the Pr 3+ ion have became more popular because of its specific 4f 2 configuration, possessing 91 degenerate energy levels [9, 10] . The tellurite glass systems doped with Pr 3+ ions have been widely studied for their structural details and luminescent properties [3, [11] [12] [13] [14] [15] . Moreover, due to the low phonon energies mentioned above, the fluorescence intensity of Pr 3+ -doped tellurite glasses has been observed to be several times larger than that of other glass systems [16] [17] [18] . The energy level diagram of the Pr 3+ ion contains several metastable states that provide the possibility of simultaneous emissions in the blue, orange, red and infrared regions [19, 20] .
In this work, we report the spectroscopic properties of ions in both tellurite matrices have been analyzed using the standard Judd-Ofelt theory yielding the intensity parameters, transition probalilities and branching ratios (see e.g. [5, 21, 22] ). Additionally, dispersion of the refractive index obtained from ellipsometric measurements has been taken into acount during the analysis.
Experimental
The molar host glass compositions were selected as 60% TeO 2 -27% WO 3 -10% Pb-3% La 2 O 3 (TWPLa) and 60% TeO 2 -27% WO 3 -10% PbO-3% Lu 2 O 3 (TWPLu). Both host glasses show relevant high RE stability and resistance against crystallization during reheating. The glass densities were determined from Archimedes law as being equal to 6.43 and 6.55 g/cm 3 for TWPLa and TWPLu, respectively. In order to introduce the Pr 3+ ions into the TWPLa and TWPLu glass matrix, the respective amounts of Pr 6 O 11 were added to the batches. All the chemicals were mixed properly to ensure the homogeneity. Tellurite glasses were obtained by melting in a gold crucible in an electric furnace at 850
• C in an air atmosphere. The crucible was covered with a platinum plate to avoid vaporization losses. The melt was poured onto a steel plate, preheated to 400
• C, forming a layer a few mm thick layer and subsequently annealed in the temperature range 310 -350
• C. The amorphous nature of the Pr 3+ -doped TWPLa and TWPLu glasses was verified by X-ray diffraction analysis.
The resulting concentrations of Pr 3+ ions were equal to 9.06×10 19 cm −3 and 13.6×10 19 cm −3 for TWPLa:Pr and TWPLu:Pr, respectively. For spectroscopic measurements, the annealed glass samples were sliced and polished to dimensions of about 10×10×3 mm 3 . The absorption spectra were recorded with a Varian 5E UV-Vis-NIR spectrophotometer and the emission spectra were measured using an Optron Dong Woo fluorometer system containing an ozone-free Xe lamp, a primary monochromator with 150 mm focal length, an emission monochromator with 750 mm focal length and a Hamamatsu R-955 photomultiplier. The luminescence decay curves were measured following a short pulse excitation provided by an optical parametric oscillator (OPO) pumped by a third harmonic of a I Nd:YAG laser. The resulting luminescence signal was filtered using a monochromator GDM-1000, detected by a Hamamatsu R928 photomultiplier and recorded with a Tektronix TDS3052 oscilloscope. The emission spectra, measured at 300 K, have been corrected for the equipment response and the relative error in measurements of the fluorescence lifetime was estimated to be ± 2%. The ellipsometric data were collected with a M-2000 Woollam ellipsometer in the spectral range 190-1700 nm. All the measurements were performed at room temperature.
Results and discussion
The ellipsometric data, gathered as a function of wavelength λ, have been fitted in the range of low absorption, i.e. 400 -1700 nm, to the Sellmeier refractive index (n) normal dispersion of the form [23, 24] The refractive index dispersions of investigated tellurite glasses are quite similar to each other and exhibit a very high value, greater than 2.1, considerably higher than that obtained for standard optical glasses. Differences between particular glasses (< 5%) were not considered significant since ellipsometry is not a direct method to determine the refractive index. A practical measure of the dispersion of light is the Abbe number [25] , the values of which for the investigated glasses are shown in the last column of the Table inset within Fig. 1 . The obtained Abbe numbers cover a narrow range (16.9 -18.6), confirming a general, inverse relationship between the Abbe number and refractive index in the optical glasses, including other tellurite glasses [25] . The optical absorption spectra of TWPLa:Pr 3+ and TWPLu:Pr 3+ glasses are presented in In the near infrared (NIR), the absorption spectra are characterized by two intense bands corresponding to transitions from the ground state 3 H 4 to excited levels 3 F 2 , 3 , 4 and relatively weak band with a maximum at 9900 cm −1 that is identified as a spin-forbidden electron transition 3 H 4 → 1 G 4 . In the absorption coefficient spectra there are also two absorption bands appeared between 10000 -15000 cm −1 of unknown origin. In the visible spectral range, the absorption spectra are characterized by a single band at 16800 cm −1 corresponding to the transition 3 H 4 → 1 D 2 and two absorption bands at higher energies, assigned to transitions to 3 P 0 and ( 3 P 1 + 1 I 6 ) levels; the hyper-sensitive transition 3 H 4 → 3 P 0 [21, 22 ] at higher energy is not observed, since it is masked by the absorption edge of the matrices and, for this reason, cannot be taken into account in further analysis. Applying the standard J-O procedure to the observed absorption bands [5, 21, 22] , the experimental and calculated oscillator strengths of Pr 3+ ions in TWPLa and TWPLu hosts have been determined and compiled in Table 1 , along with derived J-O parameters and root-mean square (rms) deviations. During calculation, the refractive index dispersion relation has been taken into account (see Fig. 1 ) and the values of the reduced matrix elements for particular electric-dipole transitions from [21] have been used. For the sake of completeness, generally weak magnetic-dipole transitions have been taken into account, with the values of the oscillator strengths and radiative probabilities from [26] . Due to similarity of the absorption spectra of TWPLa:Pr and TWPLu:Pr glasses (see Fig. 2 ), it is not surprising that the values of the J-O intensity parameters for both systems are also similar and comparable with those obtained for other tellurite glasses [27, 28] . Determined J-O parameters have been used to estimate the radiative transition rates W , luminescence branching ratios β and the total radiative lifetimes τ of Pr 3+ excited states, and especially those of the 1 D 2 and 3 P 0 states that can be compared with the experimental data obtained from photoluminescence (PL) measurements. All of these data are presented in Table 2 . The emission spectra of TWPLa:Pr 3+ and TWPLu:Pr 3+ glasses are shown in Fig. 3 .
Figure 3. Emission spectra of Pr
3+ ions in the TWPLa and TWPLu glasses corresponding to transitions from the 3 P 0 and 1 D 2 levels to lower -lying states.
The spectra have been taken at somewhat different excitation wavelengths (467 and 478 nm for TWPLa:Pr 3+ and TWPLu:Pr 3+ glasses, respectively), but it has been checked that any excitation wavelength from the range 467 -478 nm yields practically the same PL spectrum for a given sample. Observed emission bands, slightly different for both glasses, correspond to the electron tran- The quantum efficiency of a luminescent level is expressed as η =τ /τ . Having determined the radiative and experimental lifetimes of the 3 P 0 and 1 D 2 levels (see Table 2 ), we estimated the quantum efficiency of both levels in TWPLa and TWPLu glasses. For the TWPLa:Pr 
Conclusions
The results of spetroscopic studies of Pr 3+ -doped TWPLa and TWPLu glasses can be summarized as follows:
• Both glasses are characterized by high a refractive index (n > 2.1).
• The absorption spectra of both glasses are similar, but the Pr 3+ -doped TWPLa glass appears to be more transparent than the Pr 3+ -doped TWPLu glass.
• The intensity parameters obtained from the JuddOfelt analysis of the absorption spectra of both glasses are similar. However, a higher quantum efficiency (47%) was predicted for the 1 D 2 level of Pr 3+ ion embedded in the TWPLa host, in comparison to the Pr 3+ -doped TWPLu host (18%), indicating that the Pr 3+ -doped TWPLa glass is quite promising for applications.
